We have carried out a systematic experimental investigation to address the question why thin films of Fe3O4 (magnetite) generally have a very broad Verwey transition with lower transition temperatures as compared to the bulk. We observed using x-ray photoelectron spectroscopy, xray diffraction and resistivity measurements that the Verwey transition in thin films is drastically influenced not only by the oxygen stoichiometry but especially also by the substrate-induced microstructure. In particular, we found (1) that the transition temperature, the resistivity jump, and the conductivity gap of fully stoichiometric films greatly depends on the domain size, which increases gradually with increasing film thickness, (2) that the broadness of the transition scales with the width of the domain size distribution, and (3) that the hysteresis width is affected strongly by the presence of antiphase boundaries. Films grown on MgO (001) substrates showed the highest and sharpest transitions, with a 200 nm film having a T V of 122 K, which is close to the bulk value. Films grown on substrates with large lattice constant mismatch revealed very broad transitions, and yet, all films show a transition with a hysteresis behavior, indicating that the transition is still first order rather than higher order.
I. INTRODUCTION
The theoretically predicted half-metallic character of Fe 3 O 4 1-4 has made magnetite one of the most studied transition metal oxide material for thin film applications in devices such as spin valves and magnetic tunnel junctions. A tremendous amount of work has been devoted to preparing thin films with high crystalline quality. Using a variety of deposition methods, epitaxial growth on a number of substrates has been achieved.
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Yet, the physical properties of the thin films are not that well defined as those of the bulk material. In particular, the first order metal-insulator transition, known as Verwey transition 34 , is in thin films very broad [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] as compared to that in the bulk single crystal. The Verwey transition temperature T V in thin films is also much lower, with reported values ranging from 100 to 120 K [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] while the stoichiometric bulk has T V of 124-125 K. It is not clear why the Verwey transition in thin films is so diffuse.
In this work, we investigate systematically the effect of oxygen stoichiometry, thickness, strain, and microstructure on the Verwey transition in epitaxial Fe 3 O 4 thin films on a variety of substrates. We use molecular beam epitaxy (MBE) technique under ultra-high vacuum conditions combined with in situ electron diffraction and spectroscopic characterization as well as ex situ xray diffraction and electrical conductivity measurements. Our aim is to understand the factors that affect negatively the Verwey transition in thin films, so that we can identify the route to synthesize Fe 3 O 4 thin films with transport properties as good as or perhaps even better than the bulk material.
II. EXPERIMENTAL
Fe 3 O 4 thin films were grown by molecular beam epitaxy (MBE) in an ultra-high vacuum (UHV) chamber with a base pressure in the 1×10 −10 mbar range. High purity Fe metal was evaporated from a LUXEL Radak effusion cell at temperatures of about 1250
• C in a pure oxygen atmosphere onto single crystalline MgO (001), SrTiO 3 (001) (STO), and MgAl 2 O 4 (001) (MAO) substrates. These substrates were annealed for 2 h at 600
• C in an oxygen pressure of 3×10 −7 mbar to obtain a clean and well-ordered surface structure prior to the Fe 3 O 4 deposition. The substrate temperature was kept at 250
• C during growth.
The Fe flux was calibrated using a quartz-crystal monitor at the growth position prior to deposition and set to 1Å per minute for the growth of all films. Molecular oxygen was simultaneously supplied through a leak valve. Fe 3 O 4 films with different oxygen stoichiometries were grown by varying the partial oxygen pressure between 5×10 −8 and 1×10 −5 mbar, while keeping the Fe flux constant. The growth was terminated by simultaneously closing the oxygen leak valve and the Fe shutter.
In situ and real-time monitoring of the epitaxial growth was performed by reflection high-energy electron diffraction (RHEED) measurements. Oscillations in the RHEED specular beam intensity, where each oscillation corresponds to the formation of one new atomic monolayer (ML), allows for precise control of the film thickness. The crystalline structure was also verified in situ after the growth by low-energy electron diffraction (LEED). All samples were also analyzed in situ by x-ray photoelectron spectroscopy (XPS). The XPS data were collected using 1486.6 eV photons (monochromatized Al K α light) in normal emission geometry and at room tem-perature using a Scienta R3000 electron energy analyzer. The overall energy resolution was set to about 0.3 eV.
Temperature dependent resistivity measurements of the Fe 3 O 4 thin films were performed by standard four probe technique using a physical property measurement system (PPMS). X-ray diffraction (XRD) was employed for further ex situ investigation of the structural quality and the microstructure of the films. The XRD measurements were performed with a high resolution Philips XPert MRD diffractometer using monochromatic Cu K α1 radiation (λ = 1.54056Å).
III. OXYGEN STOICHIOMETRY
It is well known that the oxygen stoichiometry greatly influences the Verwey transition in bulk Fe 3(1−δ) O 4 54-58 . The order parameter shows a clear discontinuity across the transition in samples with -0.0005 < δ < δ c = 0.0039, whereas for δ c ≤ δ ≤ 3δ c , the discontinuity disappears and the term second or higher order has been used to describe the temperature behavior of the order parameter. With increasing δ, the transition becomes broad and the transition temperature, T V , decreases continuously. 54, 56, 58 For thin films, on the other hand, the few reports available on the effect of oxygen stoichiometry are mostly focused on the crystal structure, morphology, magnetic properties, and resistivity at room temperature 6, 8, 28, 32, 59, 60 . In particular, little has been done to study the influence of the oxygen content on the Verwey transition itself with the resistivity as the order parameter in magnetite thin films.
To start our study, we first investigate the effect of the oxygen stoichiometry on the Verwey transition of single crystalline epitaxial Fe 3 O 4 thin films. We prepared a series of samples, all with a thickness of 40 nm, where the Fe flux is set at 1Å /min and the substrate temperature at 250
• C. We varied the oxygen pressure in a wide range, from 5×10 −8 to 1.0×10 −5 mbar, to measure the changes of the crystalline structure, the Fe valence, and the temperature dependence of the resistivity. Our objective is hereby to find the optimal oxygen pressure for the growth of fully stoichiometric single crystalline Fe 3 O 4 films. Figure 1 shows a selection of the RHEED and LEED patterns of the films that we have prepared, namely the clean MgO (001) substrate [ Fig. 1 mbar (c) and (g), and 1.0×10 −5 mbar (d) and (h) oxygen pressure, respectively. RHEED patterns were taken at 20 keV electron energy, with the beam aligned parallel to the [100] direction of the substrate. The LEED patterns were recorded at an electron energy of 88 eV. The patterns and the quality thereof changes clearly with the oxygen pressure.
For the 1.0×10 −6 mbar oxygen pressure we observed the characteristic surface structure of bulk Fe 3 O 4 (001). Sharp RHEED streaks and the presence of Kikuchi lines, as well the intense and sharp LEED spots [ Fig. 1(c) • surface reconstruction, which is also characteristic for single crystal magnetite, is a new set of diffraction rods which are positioned exactly in between the half-order rods (see Fig. 1(c) ). We observed a clear and sharp reconstruction pattern both in RHEED and LEED electron diffraction for the film grown at 1.0×10 −6 mbar oxygen pressure. For the low 5×10 −8 mbar oxygen pressure, the RHEED pattern shows transmission like characteristics. The half order diffraction rods are also not clearly visible. The LEED spots become broadened and less intense, indicating an appreciable disorder. Both RHEED and LEED do not show the characteristic crystalline structure of pure Fe 3 O 4 . It is conceivable that the film may also contain FeO and even Fe metal. Photoemission measurements, which will be discussed later, confirm these assumptions.
On the other hand, at the high 1.0×10 −5 mbar oxygen pressure, the surface reconstruction of Fe 3 O 4 is still visible in RHEED and LEED patterns, but the electron diffraction patterns are slightly broadened, indicating some increasing disorder in this film. A partial transformation of Fe 3 O 4 to γ-Fe 2 O 3 , which has the same inverse spinel structure as magnetite, may have even taken place.
We have also recorded the time development of the crystalline structure during the growth of the films. As an example, we show in Fig. 2 the intensity of the specularly reflected RHEED beam for a Fe 3 O 4 film grown under 1.0×10 −6 mbar oxygen pressure. We can clearly observe pronounced intensity oscillations, which are indicative of a two-dimensional layer-by-layer growth. The time period of the oscillations is 56 s. This period corresponds to the time needed to grow 1 ML of Fe 3 O 4 and allows for a precise thickness determination.
In order to clarify the chemical state of the iron oxide, the Fe 2p core level XPS spectra were recorded for the Fe 3 O 4 films grown under varying oxygen pressures, i.e., from 5×10 −8 to 1.0×10 −5 mbar, while the Fe flux and the thickness are kept constant. The results are plotted in Fig. 3(a) . We also display in Fig. 3 are frequently used as fingerprints to identify the other iron oxide phases 6, 8, 28, 33 . One can clearly see that with the exception of the sample grown at the low 5×10 Fig. 3 . Going from high to low pressures: the spectra of the films prepared using 1.0×10 −5 to 6.0×10 −7 mbar all look identical and have very similar line shapes as the ones reported for magnetite in the literature 6, 28, 33 ; see the top curve in Fig. 3b . Comparing with the spectrum of Fe 2 O 3 in Fig. 3(c) we also learn that a molecular oxygen pressure up to 1×10 −5 mbar is still not enough to form the Fe 2 O 3 phase. Subtle changes at 709 eV energy can be observed for films grown at 3.0×10 −7 and 1.0×10 −7 oxygen pressures, suggesting an increase of the Fe 2+ content associated with the presence of oxygen defects. The Fe 2p XPS spectra of the film grown at the lowest oxygen pressure of the series, 5×10 −8 mbar, looks very much different and the feature at 707 eV (indicated by the "Fe" label) can be taken as an indication that metallic Fe clusters are present since this 707 eV feature is the main peak in the XPS of Fe metal film as plotted in Fig. 3b .
In order to determine the optimum oxygen pressure for the growth of fully stoichiometric Fe 3 O 4 film, we performed temperature dependent resistivity measurements on this set of films. Figure 4 shows that all films except the one grown under 5×10 −8 mbar oxygen pressure exhibit a transition in the resistivity with a clear hysteresis. The Verwey transition is clearly first order in these films. The observation that the sample grown at P O2 = 5×10 −8 mbar does not show any metal-insulator transition is consistent with the results of the electron diffraction (RHEED and LEED) and XPS measurements, which all indicate the presence of a different phase.
We now define the Verwey transition temperature T V − and T V + as the temperature of the maximum slope of ρ (T ) curve for the cooling down and warming up temperature branch, respectively. These transition temperatures are plotted as a function of the oxygen pressure P O2 of the films as inset in Fig. 4 . We can observe that T V + varies between 116 K and 119 K, and that T V − ranges between 113.5 K and 115 K. The highest transition temperature is reached for the sample grown at 1.0×10 −6 mbar oxygen pressure, with a T V + of 119 K. We therefore choose this as the optimal oxygen pressure for the growth, also because the RHEED and LEED patterns are the best in terms of sharpness, indicating a good crystalline surface structure.
We calculated the absolute value of the room temperature resistivity of our thin films and plotted the results as a function of oxygen pressure in Fig. 5 . Interestingly, we found a minimum of the resistivity for P O2 = 1.0×10 −6 mbar 32 . The magnetite film prepared at the optimum oxygen pressure has a room temperature resistivity of about 7 mΩ-cm, compared to 4 mΩ-cm measured in bulk Fe 3 O 4 single crystal 61 . 
IV. THICKNESS DEPENDENCE
Having established the optimum oxygen pressure for growing fully stoichiometric (T V + ) of about 122 K, similar to the value reported for much thicker films (660 nm) 40 and close to the value reported for bulk samples 61, 64 .
It is interesting to note that the resistivity above the transition temperature is the highest for the thinnest films, but that the situation is opposite below the transition temperature, namely, the highest resistivity is for the thickest films. See Fig. 8 which displays the resistivity at 90 K (below the transition) and 140 K (above the transition) as a function of film thickness. The influence of scattering due to imperfections in the vicinity of the surface and/or interface with the substrate will naturally be larger for the thinner films relative to the thicker ones, so it is to be expected that the thinner films will have higher resistivities. This is the case for temperatures above the transition. However, the situation below the transition requires a different explanation. Apparently the band gap or conductivity gap that can be opened in the low temperature phase is smaller in the thinner films. In fact, the data indicates that such a gap opening does not occur at all in the 5 nm film so that it becomes more conducting than the thicker films in the low temperature phase.
The Verwey transition temperatures T V + and T V − as a function of thickness are plotted in the inset of Fig. 7 . The transition temperature increases rapidly with the initial increase in the film thickness and then gradually approaches a value close to the bulk. Furthermore, the high temperature values of resistivity gradually decrease with increasing the thickness. We would like to note that the transitions shown in Fig. 7 are generally sharper than those reported in earlier Fe 3 O 4 thin film studies; see, for comparison, Refs. [35, 36, 40, 43, 63] .
The reduction of T V and the broadening of the Verwey transition for thinner films was attributed previously to the residual strain 40 and the suppression of the orthorhombic deformation which takes place at the Verwey transition 65 . Eerenstein et al 35 have shown that the increase of the resistivity with decreasing film thickness can be related to a strong increase in APBs density, thus a significant decrease in domain size. By using transmission electron microscopy (TEM) they found that the domain size decreases from 40 nm for 100-nm-thick films, to 5 nm for 3-nm-thick films. It was suggested that the absence of the Verwey transition in films thinner than 25 nm may be also related to very small domain size 35 . In contrast to the results reported by Eerenstein et al 35 , we still observed a clear Verwey transition from a 10 nm thick film.
To better understand the effect of the thickness on the Verwey transition in Fe 3 O 4 thin films we looked at the microstructure of our films by high-resolution x-ray diffraction (HR-XRD) and determined the relative changes of the average domain size with thickness. XRD rocking-curve measurements of the in-plane reflection (115) of the 10-, 20-, 40-, 80-, and 200-nm-thick Fe 3 O 4 films grown on MgO are displayed as an inset in Fig. 9 . A sharp decrease of the full width at half maximum (FWHM) with increasing the thickness is observed. By using the simple Scherrer formula [66] [67] [68] we calculated the average domain size (ADS) taking into account the instrumental broadening. Here we note that fitting the profiles with a Voigt function yields an appreciable Gaussian contribution (beyond that of the instrumental broadening) which indicates the presence of mosaicity in addition to the Lorentzian contribution which represents the average domain size 68 . Nevertheless, for the purpose of obtaining a crude characterization, we take the presence of mosaicity also as a sign for a decreased domain size.
The ADS as a function of thickness is plotted in Fig. 9 . It increases from 10 nm for the 10-nm-thick film to 94 nm for the 200-nm-thick film, a trend that agrees well with the results of other groups 35, 43, 69 . The fact that the domain size plays an important role and greatly influences the Verwey transition of Fe 3 O 4 thin films is nicely illustrated in Fig. 10 , where the T V + is plotted as a function of the ADS. This result strongly suggests that the larger the ADS of Fe 3 O 4 films the higher the transition temperature T V and the larger the conductivity gap that can be opened in the low temperature phase.
V. STRAIN AND MICROSTRUCTURE EFFECTS
To investigate whether more factors than only oxygen stoichiometry and thickness have an influence on the Verwey transition, we have also grown films on substrates other than MgO Figure 11 compares the temperature dependence of the resistivity of 200 nm Fe 3 O 4 films grown on MgO, MAO, and STO with that of a single crystal Fe 3 O 4 as reference. We note that the XPS spectra of the films grown on MgO, MAO and STO are essentially identical, see Fig. 12 , indicating that the substrate has no influence on the chemical composition of the film.
We can observe the Verwey transition in bulk extremely broad with a much less pronounced resistivity change. The width is of order of 10 K, and yet, the temperature curves still show a clear hysteresis, demonstrating that the transition is still first order and not second or higher order [54] [55] [56] [57] [58] . This is an important finding since the observation of a broad first order transition implies that the system is inhomogenous, i.e. it consists of a distribution of crystallites each having its own (sharp) first order transition temperature.
To address the effect of the substrate, we have to consider first of all the lattice mismatch between Fe 3 O 4 and MgO, MAO, and STO, which are +0.32%, -3.77% and -7.5%, respectively [70] [71] [72] Another interesting observation that can be made from Fig. 11 is that the hysteresis is rather small in bulk Fe 3 O 4 as well as in the 200 nm films of Fe 3 O 4 on MAO and STO, i.e., about 1 K, but that the hysteresis is rather large for the 200 nm film on MgO, i.e., about 3 K. Since the hysteresis width does not depend very much on the film thickness, see Fig. 7 , and therefore not on the average domain size, see Fig. 9 , we deduce that the hysteresis must be connected to growth aspects that make MgO substrates different from MAO and STO. We infer that this is the presence of APBs of Fe 3 O 4 films on MgO associated with equivalent nucleation sites on the MgO separated by nonunit cell vectors of the Fe 3 O 4 lattice. For Fe 3 O 4 films on MAO and STO, on the other hand, we expect the formation of APBs to be much less likely. Indeed, it is quite conceivable that the presence of APBs constitute an important energy barrier for the crystal structure transformation across the Verwey transition.
VI. CONCLUSION
To summarize, we have carried out a systematic experimental investigation to identify the parameters that determine the quality of the Verwey transition in epitaxial Fe 3 O 4 thin films. We have maximized the transition temperature by optimizing the oxygen pressure used for the growth of the films and we have found that the substrate-induced microstructure plays a crucial role. The transition temperature, the resistivity jump, and the conductivity gap of fully stoichiometric films greatly depend on the domain size, which increases gradually with increasing film thickness. The broadness of the transition correlates strongly with the width of the domain size distribution. We infer that the width of the hysteresis is influenced strongly by the presence of antiphase boundaries. Films grown on MgO (001) substrates showed the highest and sharpest transitions, while films grown on substrates with large lattice constant mismatch revealed very broad transitions. In all cases in which the Verwey transition is present, the transition shows a hysteresis behavior and is therefore first order by nature, irrespective of the broadness in temperature of the transition.
We note that for films grown on MgO substrates, antiphase boundaries are inevitable, but perhaps prolonged annealing may help to increase the domain size 69 . For films grown on spinel substrates, one can speculate that perhaps the domain size can also be enlarged by using substrates with smaller lattice mismatch.
